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Figure 3. - Comparison of experimental and theore t ica l  combustor 
pressures for all experimental conditions. 
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TECHNICAL NOTE D-258 

PROPELLANT VAPORIZATION AS A CRITERION FOR ROCKET-ENGINE DESIGN: 

EXPERIMENTAL EFFECT OF COMBUSTOR LENGTH, THROAT DIAMETER, 

INJECTION VELOCITY, AND PRESSURE ON ROCKET 

COMBUSTOR EPFICIENCY 

By Bruce J. Clark 

SUMMARY 

The e f f i c i ency  of a heptane-oxygen rocket combustor w a s  measured 
f o r  various combustor lengths,  contraction r a t i o s ,  and i n j e c t i o n  veloc- 
i t i e s  of the  heptane. Combustor pressure varied concomitantly with 
these  parameters. P l o t s  of combustion e f f i c i ency  with each of these 
combustor parameters show t h a t  e f f ic iency  increases with in j ec t ion  ve- 
l o c i t y ,  pressure,  combustor length,  and contraction r a t i o ,  except a t  
some of t he  lower contraction r a t i o s  and in j ec t ion  v e l o c i t i e s .  

? 
4 
3 -  

b 

Considerable s c a t t e r  r e s u l t s  from co r re l a t ing  t h e  data on the  basis 
of t h e  e f f e c t i v e  length used i n  ana ly t ica l  vaporization-rate calcula- 
t i o n s ,  with e i t h e r  a constant drop s i z e  o r  drop s i z e s  pred ic ted  from 
cold-flow measurements. This s c a t t e r  may be explained by t h e  wider range 
of experimental parameters than used i n  t h e  ana ly t i ca l  ca lcu la t ions ,  and 
by t h e  inaccuracies i n  using cold-flow drop-size measGrements under 
rocke t  conditions.  The f a c t o r s  necessary t o  produce agreement between 
the  a n a l y t i c a l  ca lcu la t ions  and the  experimental r e s u l t s  a r e  ca lcu la ted  
and c a l l e d  appment drop s i z e s .  'These apparent s i z e s  are of t he  sane 
order of magnitude and show the  same trends as drop s i z e s  measured i n  
cold-flow tests. 
about 7 .  

They show a maximum s ize  at  a cont rac t ion  r a t i o  of 

INTRODUCTION 

I n  t h e  study of the  parameters that con t ro l  the  combustion process 
i n  a rocket  combustor, it is des i rab le  t o  i s o l a t e  and eva lua te  the  ef- 
f e c t  of changes i n  each parameter individually.  Previous s t u d i e s  (refs.  

. 
Ir 
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1 t o  3) have shown the  e f f e c t s  of changes i n  rue1 temperature, i n j ec to r  
hole s i ze ,  and propel lan t  combination on the e f f i c i ency  of combustion. 
The present s tudy is  concerned with the  e f f e c t s  on combustion e f f i c i ency  
of changes i n  t h roa t  diameter, i n j ec t ion  ve loc i ty ,  and combustor pressure.  

. 

Experimentally, these  f ac to r s  a r e  not  a l l  independent. A change i n  
throa t  diameter produces not only a change i n  gas ve loc i ty  i n  the  combus- 
t o r ,  but a l s o  i n  the  combustor pressure and i n  the drop s i z e s  formed by 
the  injector .  Changes i n  i n j ec t ion  ve loc i ty  a l s o  cause va r i a t ions  i n  
combustor pressure and in  drop s i zes .  Y 

UI 
tP 
tP The concept used t o  analyze the  observed e f f e c t s  is t h a t  of a com- 

bustion process l imi t ed  i n  i t s  r a t e  by the  vaporization of t he  propel- 
l a n t s .  
d ic ted  propel lant  vaporization r a t e s  under various conditions of pres- 
sure ,  gas ve loc i ty  (or contract ion r a t i o ) ,  i n j ec t ion  ve loc i ty ,  drop s i z e ,  
and i n i t i a l  drop temperature. These r e s u l t s  have been cor re la ted  by fac-  
t o r s  modifying the length of combustor required t o  vaporize a given per- 
centage of the  propel lant .  

Analyt ical  ca lcu la t ions  ( r e f .  4) based on t h i s  concept have pre- 

This study used a l iquid-heptane - liquid-oxygen rocket combustor 
of from 85- t o  400-pound nominal t h r u s t ,  depending on the propel lan t  
flow ra te .  Combustor length,  t h roa t  diameter, and in j ec t ion  ve loc i ty  
were each var ied over a four-to-one range. The in j ec to r  used p a i r s  of 
impinging l ike-on-l ike j e t s  t o  form p a r a l l e l  sheets  of heptane and oxy- 
gen and was designed t o  vaporize the oxidant r ap id ly  so t h a t  the  e f f e c t s  
on f u e l  vaporization could be s tudied.  

Charac te r i s t ic  exhaust ve loc i t i e s  c*, measured experimentally, a r e  
used t o  evaluate the  e f f i c i ency  of combustion. The experimental e f f i -  
ciency 
loss, i s  f i r s t  averaged as a smooth funct ion of i n j ec t ion  ve loc i ty  a t  
each contraction r a t i o  and combustor length.  The e f f e c t s  of the  various 
parameter changes on these  averaged r e s u l t s  are shown graphical ly .  Ana- 
l y t i c a l  and experimental da ta  a re  compared on the  b a s i s  of t he  value of 
7 a t  modified combustor lengths .  Apparent drop s i z e s  tha t  w i l l  corre- 
late the ana ly t i ca l  and experimental data a re  ca lcu la ted  and compared 
with drop s i z e s  t h a t  would be predicted by reference 5. 

7 ( C*/c;heor), corrected f o r  heat  l o s s  and momentum pressure 

SYMBOLS 

.d contraction r a t i o  

c* cha rac t e r i s t i c  exhaust ve loc i ty ,  f t / s ec  

d nozzle t h r o a t  diameter 
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t o t a l  length of combustor, in .  

l ength  of cy l ind r i ca l  por t ion  of combustor, i n .  

e f f e c t i v e  length  (en. (1)) 

a x i a l  length of convergent portion of nozzle, in .  

combustor pressure,  lb/sq in .  

mass-median drop radius,  in .  

nozzle shape f a c t o r ,  Volume of 
of equal length  of chamber 

i n i t i a l  reduced temperature of 

ve loc i ty  of gas, f t / s ec  

in j ec t ion  ve loc i ty ,  i n  ./see 

convergent po r t ion  of nozzle/Volume 

b o p  

c* e f f ic iency ,  percent of t heo re t i ca l  c h a r a c t e r i s t i c  exhaust 
ve loc i ty  

geometric standard deviation i n  drop s i z e s  

AF'PARATUS AND PROCEDURE 

The rocket combustor consisted of an i n j e c t o r ,  cy l ind r i ca l  chamber, 
and convergent nozzle i n  separable units.  The nominal t h r u s t  varied 
from 85 t o  400 pounds. 

The i n j e c t o r  ( f i g .  1) used like-on-like impinging j e t s  t o  atomize 
both f u e l  and oxidant. To improve the d i s t r i b u t i o n  of propel lan ts ,  two 
p a i r s  of f u e l  j e t s  and s i x  p a i r s  of oxidant j e t s  were used. The spray 
shee ts  formed by these jets were all parallel .  Fuel and oxidant j e t  
diameters were 0.0595 and 0.0465 inch, respec t ive ly .  These s i z e s  corre- 
sponded c lose ly  t o  the  o r i f i c e  diameters f o r  t h e  50-pound-thrust engine 
of reference 2 .  The V-shaped grooves i n  t h e  in j ec to r  f ace  allowed more 
room f o r  t h e  spray shee t  formed by t h e  impinging j e t s .  Holes f o r  igni- 
t i o n  by sparkplug and f o r  sensing combustor pressure were provided 
through the  i n j e c t o r  face .  

The rocket chambers were copper cylinders 3 inches i n  .inside diam- 
e t e r  and 4, 8, 1 2 ,  and 16  inches i n  length. Six nozzles ( f i g .  2)  with 
t h r o a t  diameters from 0.557 t o  2.309 inches gave contraction r a t i o s  of 
29.0, 19 .1 ,  14.4, 7.12, 3.62, and 1.69. 

L 



Combustor pressure w a s  measured both by a recording Bourdon-tube- 
type instrument and by a s t ra in-gags transducer coupled t o  a multichannel 
recorder with galvanometer elements. 
meters were e l ec t ron ica l ly  counted f o r  both f u e l  and oxidant flow r a t e s .  
These s igna ls  were a l so  recorded on the multichannel galvanometer. 

Pulses from rotating-vane flow- I 

Maximum e r ro r s  of pressure transducers and flowmeters were 3 3  and 
k2 percent, respec t ive ly .  Resultant maximum e r r o r  i n  7 w a s  k3 percent;  
reproducib i l i ty  w a s  about G percent .  

t;J 
UI 
tP 
I+ 

T o t a l  propel lant  flow rates var ied  between 0.5 and 2.0 pounds per  
second, corresponding t o  f u e l  i n j ec t ion  ve loc i t i e s  from 45 t o  180 f e e t  
pe r  second. 

Oxidant-to-fuel weight-flow r a t i o s  were between 2.16 and 2.42. 
bus tor  pressures were kept between 40 and 560 pounds pe r  square inch ab- 
so lu te .  A l l  runs were of 3-second duration. Values of 7 were calcu- 
l a t e d  from measured combustor pressure,  t o t a l  f low rate, nozzle t h r o a t  

Com- 

I I diameter, and from the  t h e o r e t i c a l  values of c* ( r e f .  6 ) .  

I RESULTS 

Experimental r e s u l t s  f o r  individual  runs a r e  given i n  t ab le  I. Char- 
a c t e r i s t i c  exhaust ve loc i ty  e f f i c i enc ie s  y used i n  t h i s  repor t  are cor- L 

rec ted  f o r  hea t - t ransfer  l o s s  and momentum pressure loss  ( r e f .  7 ) .  Heat- 
t r ans fe r  measurements of reference 3 with modifications f o r  pressure,  
gas velocity,  and 7 as shown i n  appendix D there in  were used t o  calcu- 
l a t e  heat- t ransfer  r a t e s  i n  t h i s  study. 

Crossplots of the data were made possible  by averaging the experi-  
mental data. I n  averaging, t h e  experimental e f f i c i ency  w a s  assumed t o  
be a smooth funct ion of i n j ec t ion  ve loc i ty  at any p a r t i c u l a r  combustor 
length  and contract ion r a t i o .  

The averaged da ta  a r e  summarized i n  f igu re  3 as a comparison of ex- 
perimentally measured pressures  with theo re t i ca l  pressures  f o r  100-percent 
combustion eff ic iency.  The interdependence of pressure,  contract ion ra- 
t i o ,  in jec t ion  ve loc i ty  (roughly proport ional  t o  t o t a l  weight flow),  and 
7 f o r  t h i s  s e t  of experiments i s  i l l u s t r a t e d  by t h i s  f i gu re .  

Figures 4 show the va r i a t ion  of 7 with various parameters. The 
e f f ec t s  of these parameters cannot be shown independently, s ince,  as men- 
t ioned  earlier, it w a s  not  possible  experimentally t o  vary them independ- 
en t ly .  A number of apparent i r r e g u l a r i t i e s  i n  the  d a t a  and discrepancies 
between experimental and vaporization-analysis r e s u l t s  e x i s t  i n  these c 

f igu res .  An explanation of these is suggested i n  the  DISCUSSION sec t ion  
of t h i s  report .  
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The e f f e c t  of i n j ec t ion  ve loc i ty  on 7 is shown i n  f i g u r e  4 ( a ) .  
The pressure l e v e l  is a lso  increasing with in j ec t ion  ve loc i ty  and con- 
t r a c t i o n  r a t i o .  I n  general ,  7 increases with in j ec t ion  v e l o c i t y  and 
pressure,  except a t  s m a l l  contract ion r a t io s  and in j ec t ion  v e l o c i t i e s .  
This  t rend  agrees with the e f f e c t  of pressure pred ic ted  by a n a l y t i c a l  
vaporizat ion-rate  ca lcu la t ions  ( ref .  4 ) ,  but  i s  opposite t o  t h e  pred ic ted  
e f f e c t  of in j ec t ion  veloci ty .  

I n  f i g u r e  4(b) i s  shown the var ia t ion  of 7 with respec t  t o  com- 
bustor  pressure r a t h e r  than in j ec t ion  velocity.  I n  t h i s  f i g u r e  in j ec t ion  
ve loc i ty  is varying with pressure.  Generally, an increase i n  pressure 
tends t o  increase 7. This is i n  agreement with a n a l y t i c a l  ca lcu la t ions .  

The va r i a t ion  of 7 w i t h  combustor length can a l s o  be shown, as i n  
f igu re  4 ( c ) .  Combustor pressure is also varying i n  t h i s  f igure .  
f e c t  of length  on 7 is general ly  greater  a t  t h e  low cont rac t ion  r a t i o s  
and shor t  lengths .  

The ef- 

Figure 4(d) shows that  7 increases general ly  w i t h  contract ion ra- 
t i o ,  again w i t h  pressure varying w i t h  in jec t ion  ve loc i ty ,  cont rac t ion  
r a t i o ,  and 7. According t o  the ana ly t ica l  ca lcu la t ions ,  7 should de- 
crease w i t h  an increase i n  contract ion r a t i o  only. 

DISCUSSION 

A s  w a s  pointed out e a r l i e r  i n  this  report ,  t he  experimental r e s u l t s  
cannot be d i r e c t l y  compared w i t h  the  ana ly t i ca l ly  ca lcu la ted  r e s u l t s  of 
reference 4, because severa l  of the  experimental parameters change simul- 
taneously. To make a b e t t e r  comparison w i t h  t h e  a n a l y t i c a l  r e s u l t s ,  t h e  
experimental data  should be p lo t t ed  against  the e f f e c t i v e  l e n g t h u s e d  as 
a cor re l a t ing  parameter i n  reference 4, where 

(1.1 
(P/300) 

0.75 

0.83 zN 

The va r i a t ion  of experimental 7 w i t h  e f f e c t i v e  length  is shown i n  
f igu re  5(a).  
l a t e d  from measured quant i t ies  except the drop-size f a c t o r .  A constant  
value of 
mental  e f f ec t ive  lengths  comparable with t h e  a n a l y t i c a l .  

A l l  of the  f ac to r s  i n  the e f f e c t i v e  length  can be calcu- 

rm = 0.004 inch w a s  chosen f o r  t h i s  f i g u r e  t o  make t h e  experi-  

To make possible  the  comparison shown i n  f igu re  5 between the  ana- 
l y t i c a l  ca lcu la t ions  of reference 4 and the  experimental r e s u l t s ,  it is 
necessary t o  convert the  ana ly t i ca l  data from percent  f u e l  vaporized to  
7.  This conversion can be made with the use of reference 4, provided 
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Combustor pressure,  P, lb/sq in .  abs 

In jec t ion  ve loc i ty ,  vo, f t / sec  

Contraction r a t i o ,  .d 

Mass-median drop’ rad ius ,  rm, in .  

Temperature f ac to r ,  1 - TR 

the r e l a t ion  between percent  oxidant and percent f u e l  vaporized is known. 
I n  the present  study, hole s i z e s  and in jec t ion  v e l o c i t i e s  were such t h a t  
t he  r a t i o  of oxygen drop s i z e s  t o  heptane drop s i z e s  pred ic ted  from r e f -  
erences 5 and 8 w a s  about 0.75; t he  r e s u l t i n g  r a t i o  of e f f ec t ive  lengths 
of oxygen and heptane w a s  1.5. From t h i s  r a t i o  and the  ca lcu la ted  
percent-vaporized curves f o r  oxygen and heptane, the  r a t i o  of percent 
oxygen vaporized t o  percent  heptane vaporized w a s  calculated.  The ana- 
l y t i c a l l y  ca lcu la ted  values of percent heptane vaporized were then con- 
v e r t e d t o  7 using the method of reference 4. A s tandard deviat ion i n  
drop s izes  of (T = 3.6 w a s  assumed. 

- 

150-600 

50- 200 

1.65-12.6 

0.001-0.009 

0.441-0.719 

One reason f o r  the  l a r g e r  spread i n  the  experimental da t a  i n  f igu re  
5 is the wider excursions i n  pressure and contract ion r a t i o  i n  the  exper- 
imental s tudy than i n  t h e  a n a l y t i c a l  study, as shown i n  t h e  following 
t a b l e  : 

Parameter Analyt ical  
ca lcu la t ions  

Experimental 
da ta  

40-560 

45 - 180 

1.69-29 -0  

Unknown 

0.44-0 -49 

Another reason f o r  t h e  l a r g e r  spread is t h a t  t he  i n i t i a l  drop s i z e s  prob- 
ably are  not  constant as assumed, bu t  vary with the  o ther  experimental 
parameters . 

An endeavor t o  reduce the  s c a t t e r  i n  the  experimental da ta  w a s  made 
by using measured drop s i z e s  i n  the  e f fec t ive  length.  
were calculated from the  o r i g i n a l  data measured i n  the  cold-flow t e s t s  
of reference 5 and a r e  shown i n  f igu re  6 ( a ) .  
funct ion of gas ve loc i ty  as wel l  as in j ec t ion  ve loc i ty .  Drop s i z e s  were 
modified f o r  the  var ia t ions  i n  gas dens i ty  i n  the  combustor caused by 
changing the in j ec t ion  ve loc i ty  and contract ion r a t i o .  As i n  reference 
8, the  drop s i z e s  were assumed t o  be inversely proport ional  t o  the  
quarter-power of the  gas densi ty .  Discont inui t ies  i n  t h e  s lopes occur 
whenever the in j ec t ion  ve loc i ty  and gas ve loc i ty  are equal. 

These drop s i z e s  

Drop s i z e s  a r e  shown as a 

L 

A s  an  estimate of the  conditions t h a t  might be expected i n  the  
rocket  combustor, t h e  gas ve loc i ty  e f fec t ive  i n  drop formation w a s  as- 
sumed t o  occur a t  a fixed dis tance downstream of the  in j ec to r  ( i . e - ,  im-  
pingement poin t ,  o r  po in t  of spray-sheet breakup), and thus t o  be 

* 

L 
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inversely proport ional  t o  both contraction r a t i o  and l o c a l  gas dens i ty .  
For a reference point ,  the  gas ve loc i ty  was assumed t o  be 75 f e e t  per  
second f o r  a contract ion r a t i o  of 7.12 and e f f i c i ency  of 72 percent  (8- 
in .  combustor length) .  The r e su l t i ng  curves a t  each engine condi t ion 
a r e  shown i n  f igu re  6(b). Using these drop s i z e s  of figure 6(b) i n  a 
p l o t  of performance against  e f f ec t ive  length does not  appreciably de- 
crease the s c a t t e r  found in  f igu re  5. 

There is  considerable uncer ta in ty  i n  applying these drop-size meas- 
urements t o  rocket combustor conditions,  because (1) the gas ve loc i ty  ef- 
f e c t i v e  i n  determining i n i t i a l  drop s i ze  is not  known ins ide  the combus- 
t o r ;  ( 2 )  drops a r e  formed i n  an accelerat ing gas stream r a t h e r  than a 
constant-veloci ty  stream; (3)  cold-flow measurements were made a t  only 
one in j ec t ion  ve loc i ty  f o r  the  o r i f i c e  diameter used i n  these rocket com- 
bustor  t e s t s ;  (4) gas dens i t i e s  i n  the rocket combustor var ied  consider- 
ably in  these  t e s t s  and were d i f f e r e n t  from the  air  dens i ty  i n  t h e  cold- 
flow t e s t s ;  and (5) the e f f e c t  of other  processes i n  the  combustor, such 
as evaporation from l i q u i d  surfaces ,  is unknown. 

As has been shown, considerable s c a t t e r  remains i n  the d a t a  with 
the  assumption of e i t h e r  a constant drop s i z e  or a s i z e  pred ic ted  by ref- 
erence 5. If t h i s  s c a t t e r  i s  assumed t o  be pr imar i ly  due t o  drop-size 
va r i a t ions ,  apparent drop s i z e s  can be calculated tha t  would m a k e  the 
averaged experimental rocket combustor data agree with the  average curve 
of the a n a l y t i c a l  ca lcu la t ions  ( f i g .  5(b)). These drop s i z e s  a r e  p l o t t e d  
i n  f i g u r e  7 f o r  the  d i f f e r e n t  combustor conditions,  assuming a standard 
deviat ion of 3.6 f o r  the  drop-size d i s t r ibu t ion .  It is important t o  note  
that any inaccuracies o r  inadequacies i n  experimental data,  vaporization 
hypothesis,  and other  assumptions a r e  included i n  these apparent drop 
s i zes  . 

The apparent drop s i z e s  are of t h e  same order  of magnitude as those 
measured under cold-flow conditions.  Generally, t h e  apparent drop sizes 
first increase and then decrease with increasing in j ec t ion  ve loc i ty .  
The maximum poin ts  may correspond t o  the poin ts  of discontinuous s lope 
a t  conditions of equal gas ve loc i ty  and in j ec t ion  ve loc i ty  shown in  f i g -  
ure  6. The apparent drop s i z e s  also increase and then decrease with in- 
creasing contract ion r a t i o ,  the  m a x i m u m  s i z e s  occurring a t  a contract ion 
r a t i o  of about 7,  a t r end  a l so  i n  accord with f i g u r e  6(b).  

I n  f i g u r e  8 the  apparent drop s izes  of f i g u r e  7 are used t o  calcu- 
l a t e  e f f e c t i v e  lengths  f o r  each of the o r i g i n a l  runs. The s c a t t e r  i n  
the  poin ts  is due t o  s c a t t e r  i n  the or ig ina l  data, s ince  the curves of 
f igu re  7 are ca lcu la ted  from averaged da ta .  The s c a t t e r  i s  about the  
same as the  spread i n  the a n a l y t i c a l  ca lcu la t ions  reproduced here  from 
f igu re  5(a) .  

The first impression from t h e  averaged performance curves i n  f i g u r e  
0 4 is t h a t  there  a r e  a number of i r r e g u l a r i t i e s  t ha t  would not  be predicted 



by  a vaporization-rate-l imited model of the  combustion process. However, 
drop-size va r i a t ions  such as shown i n  f i g u r e  7 a r e  adequate t o  conform 
a l l  of t h e  i r r e g u l a r i t i e s  i n  t h e  o r i g i n a l  averaged data t o  a vaporiza- 
t i o n  model. 

I n  t e s t i n g  the  v a l i d i t y  of t h e  vaporization-rate-l imited combustion 
model, it is  of c r i t i c a l  importance t h a t  measurements o r  r e l i a b l e  methods 
of prediction of t he  drop s i z e s  within a combustor be obtained. 
not pos.sible t o  make such an evaluation with t h e  data of t h i s  study, 
s ince  a change i n  any of t h e  con t ro l l ab le  parameters produced an unknown 
change i n  drop s i z e s  as w e l l .  

It is 

CONCLUSIONS 

A liquid-heptane - liquid-oxygen rocket combustor w a s  operated a t  
various conditions of cont rac t ion  r a t i o ,  chamber length ,  and in j ec t ion  
velocity.  
length,  pressure,  cont rac t ion  r a t i o ,  and in j ec t ion  ve loc i ty ,  except a t  
low values of cont rac t ion  r a t i o  and i n j e c t i o n  ve loc i ty .  

Experimental e f f i c i ency  genera l ly  increased with combustor 

t? 
cr 
IP 
IP 

Apparent drop s i z e s  t h a t  make the  a n a l y t i c a l  ca lcu la t ions  agree 
with the experimental show similar t rends  and are of t h e  same order of 
magnitude as drop s i z e s  measured under cold-flaw conditions.  Both appar- 
e n t  drop s i z e s  and measured s i z e s  show a maximum at a cont rac t ion  r a t i o  
of about 7. 

Further work i s  needed t o  determine t h e  a c t u a l  drop s i z e s  and t h e i r  
gas-velocity environment within a rocket combustor. 
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TABLE I. - CONTINUED. EXPERIMENTAL RESULTS 

( c )  Contraction ratio, 7.12. 
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Figure 8. - Correlation of experimental data by drop sizes of figure 7. 
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